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(57) ABSTRACT

A PWM module is provided to output a driving pulse to a
switching device in synchronization with a synchronizing
pulse having a frequency twice the frequency of the high-
frequency current of a primary-side induction line. The PWM
module performs output voltage feedback control such that
the output voltage of an output capacitor is set at a reference
voltage. The module outputs, to the switching device, the
driving pulse having a half width of the pulse width of a
driving pulse that can be outputted, at the start of power
supply to the primary-side induction line. Moreover, the mod-
ule forcibly performs the output voltage feedback control if
an output voltage of the output capacitor does not increase to
the reference voltage within a reference time.

4 Claims, 7 Drawing Sheets
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FIG. 2
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FIG. 3
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FIG. 4
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1
SECONDARY-SIDE POWER RECEIVING
CIRCUIT FOR CONTACTLESS POWER FEED
EQUIPMENT

FIELD OF INVENTION

The present invention relates to a secondary-side power
receiving circuit for contactless power feed equipment.

BACKGROUND OF THE INVENTION

One example of a known secondary-side power receiving
circuit for contactless power feed equipment is disclosed in
Japanese Patent Laid-Open No. 11-178104.

In the known secondary-side power receiving circuit for
contactless power feed equipment, a pickup coil is opposed to
a primary-side induction line that receives a high-frequency
current at a frequency of, e.g., 10 kHz, the pickup coil receiv-
ing an induced electromotive force from the primary-side
induction line. A resonant capacitor is connected in parallel
with the pickup coil so as to form a resonant circuit resonating
with the pickup coil at the frequency of the primary-side
induction line. The resonant circuit is connected to a rectify-
ing circuit (full-wave rectifying circuit) to feed power
through a constant voltage control circuit to a load having
varying power consumption (e.g., an inverter for controlling
the traveling motor of a motor vehicle).

The constant voltage control circuit includes a choke coil,
a diode, an output capacitor (voltage capacitor), a switching
device (e.g., a transistor for power adjustment) that switches
between a closed condition and an opened condition across
the output ends of the rectifying circuit, and a control circuit
that controls the switching device.

Under the control of the control circuit, an output voltage
(the voltage of the load) is measured, the load is reduced by
stopping the traveling motor, the output voltage (a voltage
across the output capacitor) increases, and then the output
voltage exceeds a preset reference voltage. At this point, the
switching device is closed to stop power supply from the
rectifying circuit to the load and interrupt charging of the
output capacitor. Power is then supplied to the load from the
output capacitor, and thus the output voltage is reduced to be
less than the reference voltage. This opens the switching
device to supply power from the rectifying circuit to the load
and charge the output capacitor to reset the output voltage to
the reference voltage.

The action of the configuration of the secondary-side
power receiving circuit will be described below.

When a high-frequency current having a frequency of, e.g.,
10 kHz is supplied to the primary-side induction line, mag-
netic fluxes generated on the primary-side induction line
causes an induced electromotive force on the pickup coil, and
then a current generated on the pickup coil by the induced
electromotive force is rectified by the rectifying circuit. When
the switching device is opened, the current is supplied to the
load through the constant voltage control circuit. When the
load decreases and the output voltage exceeds the preset
reference voltage, the switching device is placed in a closed
condition so as to supply power from the output capacitor to
the load, thereby reducing the output voltage. When the out-
put voltage is lower than the preset reference voltage, the
switching device is placed in an opened condition to reset the
output voltage to the reference voltage.

Unfortunately, the known contactless power feed equip-
ment causes the following problems:

In the known secondary-side power receiving circuit for
contactless power feed equipment, the output voltage is set at
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2

0V or close to 0V in an initial condition for starting power
supply to the primary-side induction line by switching control
for monitoring the output voltage to be set at the reference
voltage. Thus, the switch is continuously opened so as to
require a 100% load (full-load condition).

Hence, a large number of devices or apparatuses in the
full-load condition may be overloaded so as to exceed the
rated power of a power supply device, activating the protec-
tive function of the power supply device to interrupt power
supply to the induction line. This may prevent power supply
to the devices or apparatuses. To avoid this problem, unfor-
tunately, the number of devices or apparatuses to be operated
needs to be considerably reduced at the start of power supply.

SUMMARY OF INVENTION
Technical Problem

The present invention has been devised to solve these prob-
lems. An object of the present invention is to provide a sec-
ondary-side power receiving circuit for contactless power
feed equipment that can feed power from the primary side to
a large number of devices or apparatuses to be operated.

Solution To Problem

In order to attain the object, a secondary-side power receiv-
ing circuit for contactless power feed equipment according to
the present invention, the secondary-side power receiving
circuit being provided in each of devices or apparatuses so as
to receive power in a contactless manner from a primary-side
induction line that receives a high-frequency current from a
power supply device, the secondary-side power receiving
circuit including: a pickup coil opposed to the primary-side
induction line, the pickup coil receiving an induced electro-
motive force from the primary-side induction line; a resonant
capacitor connected in parallel with the pickup coil, the reso-
nant capacitor forming a resonant circuit that resonates at the
frequency of the high-frequency current with the pickup coil;
a full-wave rectifying circuit connected in parallel with the
resonant capacitor of the resonant circuit; a switch and an
output capacitor connected in parallel between the output
terminals of the full-wave rectifying circuit, the output
capacitor feeding power to a load having varying power con-
sumption; and a controller that switches a closed condition
and an opened condition of the switch,

the controller including: a pulse generating circuit that
outputs a synchronizing pulse having a frequency multiple
times higher than the frequency of the high-frequency current
in synchronization with a full-wave voltage signal outputted
from one of the output terminals of the full-wave rectifying
circuit; and a pulse width control circuit that outputs a driving
pulse to the switch and performs output voltage feedback
control such that the output voltage of the output capacitor is
set at a preset reference voltage by closing the switch at the
turn-on of the driving pulse or opening the switch at the
turn-off of the driving pulse, wherein the pulse width control
circuit determines power receivable by each of the devices or
apparatuses at the start of power supply to the primary-side
induction line by dividing the output rated power of the power
supply device by the number of devices or apparatuses, the
pulse width control circuit determines the pulse width of the
driving pulse capable of suppressing power within the receiv-
able power by the pulse width of a driving pulse that can be
outputted, the pulse width control circuit performs switching
control at the start of power supply to the primary-side induc-
tion line such that the driving pulse capable of suppressing the
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power is outputted to the switch in synchronization with the
synchronizing pulse inputted from the pulse generating cir-
cuit, and then the pulse width control circuit performs the
output voltage feedback control when the output voltage of
the output capacitor reaches the preset reference voltage.

According to the configuration of the present invention, the
contactless power feed equipment of the present invention has
useful technical operation and effect as follows:

At the start of power supply to the primary-side induction
line, a driving pulse capable of suppressing received power
with a pulse width m is outputted, the pulse width m being
determined by “power receivable by each of the devices or
apparatuses” and “a pulse width W of a driving pulse that can
be outputted”. In other words, the driving pulse is outputted
according to duty=m/W.

When the driving pulse has a pulse width of 0 (duty=0), in
other words, when the driving pulse is turned off, the switch
is continuously opened, and the output capacitor is continu-
ously charged, the secondary side is placed in a full-load
condition with respect to the primary side. In the case where
the pulse width is m and the driving pulse is turned on, the
switch is closed and the output capacitor is not charged. Thus,
the secondary side is placed in a load condition of (1-m/W)
with respect to the primary side. As the pulse width m
decreases, the secondary side comes close to the full-load
condition. In the load condition of (1-m/W), the pulse width
m is set so as to suppress power to the power receivable by
each ofthe devices or apparatuses. At this point, even if all the
devices or apparatuses are simultaneously loaded at the start
of power supply, the power supply device for supplying a
high-frequency current to the primary-side induction line
does not become overloaded, avoiding a power shutdown.
Thus, power can be continuously supplied to a large number
of devices or apparatuses.

When the output capacitor is charged to the reference volt-
age, output voltage feedback control is performed. After the
output voltage reaches the reference voltage, power may be
supplied from the primary-side induction line according to
consumed power. Thus, the output voltage feedback control
of the devices or apparatuses does not overload the power
supply device, preventing a power shutdown.

As has been discussed, at the start of power supply to the
primary-side induction line, power received by each of the
devices or apparatuses is suppressed to the receivable power
of each of the devices or apparatuses. Thus, even if the power
supply device for supplying a high-frequency current to the
primary-side induction line is loaded when all the devices or
apparatuses start receiving power at the start of power supply,
the power supply device does not become overloaded, pre-
venting a power shutdown. Hence, power can be continuously
supplied to a large number of devices or apparatuses.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a circuit diagram showing contactless power feed
equipment according to an embodiment of the present inven-
tion.

FIG. 2 shows a time variation of the oscillation frequency
of'a power supply device in the contactless power feed equip-
ment.

FIG. 3 shows the relationship between the oscillation fre-
quency of the power supply device and power supplied to a
mobile unit in the contactless power feed equipment.

FIG. 4 s acircuit diagram showing a secondary-side power
receiving circuit in the contactless power feed equipment.
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FIG. 5 is a control block diagram showing a PWM module
in the secondary-side power receiving circuit in the contact-
less power feed equipment.

FIG. 6 is a characteristic chart showing parts of the sec-
ondary-side power receiving circuit in the contactless power
feed equipment, and a driving pulse output when a capacitor
output voltage is lower than a reference voltage.

FIG. 7 is a characteristic chart showing the parts of the
secondary-side power receiving circuit in the contactless
power feed equipment, and a driving pulse output when the
capacitor output voltage is higher than the reference voltage.

DETAILED DESCRIPTION OF THE INVENTION

An embodiment of the present invention will be described
below with reference to the accompanying drawings.

FIG. 1is a circuit diagram showing contactless power feed
equipment according to the embodiment of the present inven-
tion. In the contactless power feed equipment, a high-fre-
quency current is supplied from a power supply device 12 to
an induction line 14, and then power is supplied in a contact-
less manner to a plurality of transport carriages (an example
of an apparatus or a device) 17 from the induction line 14
having received the high-frequency current. The induction
line 14 is continuously provided (placed) along the traveling
rail (an example of a travel path, not shown) of the transport
carriages 17. A capacitor 15 is connected in series with the
induction line 14. Furthermore, a variable inductor 16 for
adjusting the inductance value of the overall induction line 14
is connected in series with the induction line 14. The variable
inductor 16 is connected if the induction line 14 does not have
a predetermined line length, that is, if the induction line 14
does not have a predetermined inductance value. A high-
frequency transformer 13 is disposed between the induction
line 14 and the power supply device 12. The high-frequency
transformer 13 can amplify an output voltage when the induc-
tion line 14 has a long distance (length). For example, the
high-frequency transformer 13 is installed to double the out-
put voltage.

The transport carriage 17 includes a pickup coil 51
opposed to the induction line 14 so as to receive an electro-
motive force induced from the induction line 14. The pickup
coil 51 is connected to a power receiving unit 27. As shown in
FIG. 4, the power receiving unit 27 is connected to a load
(e.g., an inverter for controlling the traveling motor of the
transport carriage 17) 58 with varying power consumption.

As will be specifically described later, the power receiving
unit 27 has the function of constant voltage control for con-
trolling an output voltage to the load 58 to a constant voltage.
Thus, as shown in FIG. 4, the terminal end of the power
receiving unit 27 includes an output capacitor (voltage
capacitor) 56. The voltage of the output capacitor 56 is fed
back to control an output voltage to the load 58 at a constant
voltage. The pickup coil 51 is connected in parallel with a
resonant capacitor 52 that forms a resonant circuit 50 with the
pickup coil 51, the resonant circuit 50 resonating at the fre-
quency of the high-frequency current passing through the
induction line 14. The resonance frequency of the resonant
circuit 50 is set at 9.74 kHz.

Power Supply Device
The power supply device 12 is connected to a commercial

power supply 11. The power supply device 12 includes a
rectifying circuit 21 that converts an alternating current from
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the commercial power supply 11 into a direct current, a start/
stop circuit 22, a step-down circuit 23, an inverter 24, and a
controller 40.

The controller 40 includes a main controller 41, a step-
down controller 42, and a frequency/current controller 43,
each including a CPU (specifically described later). The
power supply device 12 further includes a protective device
(not shown) that detects whether a current passing through the
induction line 14 is an overcurrent (overload) or not. When
the protective device detects an overload, the main controller
41 interrupts a current supplied to the induction line 14 (de-
scribed later).

Start/Stop Circuit 22

The start/stop circuit 22 includes an inrush resistor 31 and
a coil (reactor) 32 that are connected in series between the
rectifying circuit 21 and the step-down circuit 23, a starting
conductor 33 that short-circuits the inrush resistor 31, and a
discharging resistor 34 and a stopping conductor 35 that are
connected in series between the node of the inrush resistor 31
and the coil 32 and the rectifying circuit 21.

The starting conductor 33 and the stopping conductor 35
are controlled to a closed condition/opened condition by the
main controller 41, which will be described later. Specifically,
when the power supply device 12 is started, the starting con-
ductor 33 is opened to cause the inrush resistor 31 to suppress
an inrush current. After a predetermined time from the start of
the power supply device 12, the starting conductor 33 is
closed to short circuit the inrush resistor 31. The stopping
conductor 35 is opened during an operation while the stop-
ping conductor 35 is closed at shutdown. The discharging
resistor 34 consumes charge accumulated in the power supply
device 12.

Step-Down Circuit 23

The step-down circuit 23 is a step-down device that lowers
a direct voltage to be supplied to the inverter 24 according to
the load of the induction line 14. The step-down circuit 23
lowers a direct voltage inputted from the rectifying circuit 21
through the start/stop circuit 22. Moreover, the step-down
circuit 23 is controlled by the step-down controller 42. The
step-down controller 42 receives a first voltage mode com-
mand and a second voltage mode command from the main
controller 41, which will be described later, and then drives
the step-down circuit 23 in response to the inputted mode
command.

The first voltage mode command is a mode command for
outputting a direct voltage inputted from the rectifying circuit
21 without lowering the direct voltage. The second voltage
mode command is a mode command for saving energy by
lowering the direct voltage to a predetermined voltage, allow-
ing the supply of power typically consumed by the induction
line 14.

In the first voltage mode command, a direct voltage input-
ted from the rectifying circuit 21 is directly supplied from the
step-down circuit 23 to the inverter 24, whereas in the second
voltage mode command, the lowered predetermined voltage
is supplied from the step-down circuit 23 to the inverter 24.

Inverter 24

The inverter 24 converts the direct current outputted from
the step-down circuit 23 into a high-frequency current at any
oscillation frequency, and then supplies the current to the
induction line 14.
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The inverter 24 includes switching elements 38 arranged in
a full bridge configuration. The switching elements 38 are
driven by a pulse signal outputted from the frequency/current
controller 43. The switching elements 38 convert the direct
current inputted from the step-down circuit 23 into a high-
frequency alternating current, and then supply the current as
an output current to the induction line 14.

The frequency/current controller 43 receives a direct volt-
age and a direct current to be inputted to the inverter 24 and a
rate of increase in output voltage by the frequency trans-
former 13. Furthermore, the frequency/current controller 43
receives the target frequency of the oscillation frequency of
the inverter 24 from the main controller 41, which will be
described later.

The frequency/current controller 43 drives the switching
elements 38 so as to control the oscillation frequency of the
inverter 24 to the target frequency inputted from the main
controller 41; meanwhile, the frequency/current controller 43
drives the switching elements 38 so as to perform constant
current control by determining a duty ratio (pulse width)
having a preset constant current that is determined by calcu-
lating the current value of the induction line 14 based on the
input voltage and current of the inverter 24 and the rate of
increase in voltage. The determined duty ratio is outputted to
the main controller 41.

Main Controller 41

The main controller 41 has the following functions:
(a) Start/Stop Function

In response to a power supply start command (a command
for normally starting the power supply device 12) from the
outside, an energy conservation reset command for resetting
an energy-saving operation, or an intermittent operation/
power supply start command for changing an off state to an on
state during an intermittent operation, the stopping conductor
35 of the start/stop circuit 22 is opened, and then the starting
conductor 33 is closed. At shutdown, the stopping conductor
35 is closed, and then the starting conductor 33 is opened.

A voltage inputted to the rectifying circuit 21 from the
commercial power supply 11 is monitored. If the voltage
rapidly drops in the event of an instantaneous power failure or
the protective device detects an overload, the stopping con-
ductor 35 of the start/stop circuit 22 is closed to shut down the
power supply, and then the starting conductor 33 is opened.
When the voltage is restored from the instantaneous power
failure, the stopping conductor 35 of the start/stop circuit 22
is opened, and then the starting conductor 33 is closed.

(b) Step-Down Function

The second voltage mode command is normally outputted
to the step-down controller 42. It is confirmed whether or not
the duty ratio inputted from the frequency/current controller
43 is close to a maximum permissible duty ratio (e.g., 80%),
and then the first voltage mode command is outputted to the
step-down controller 42. When the inputted duty ratio
becomes far from the maximum permissible duty ratio, the
second voltage mode command is outputted to the step-down
controller 42 again.

(c) Frequency Control Function

At the start of power supply (when the power supply start
command, the energy conservation reset command, or the
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intermittent operation/power supply start command is input-
ted, or at the recovery from an instantaneous power failure),
the target frequency of the oscillation frequency of the
inverter 24 is swept from a low frequency shifted from the
resonance frequency, e.g., 9.00 kHz (an example of a prede-
termined frequency) to 9.74 kHz, which is the resonance
frequency, and then the target frequency is outputted.

In other words, at the start of power supply, the target
frequency is set at the low frequency shifted from the reso-
nance frequency, allowing the resonant circuit 50 to suppress
total power obtainable by all the transport carriages 17 within
rated power that can be supplied by the power supply device
12. After a predetermined time during which power supply to
the induction line 14 can increase the output voltage of the
power receiving unit 27 of the transport carriage 17 to a
reference voltage, the target frequency is swept from the
predetermined frequency of 9.00 kHz to the resonance fre-
quency of 9.74 kHz.

Specifically, as shown in FIG. 2, the oscillation frequency
of the inverter 24 is kept at 9.00 kHz for 2 seconds (an
example of the predetermined time) from the start of power
supply to the induction line 14, at 9.10 kHz for 0.2 seconds, at
9.20 kHz for 0.2 seconds, at 9.30 kHz for 0.2 seconds, at 9.40
kHz for 0.2 seconds, at 9.50 kHz for 0.2 seconds, at 9.60 kHz
for 0.2 seconds, and then at 9.70 kHz for 0.2 seconds. After
that, the target frequency is outputted to the frequency/current
controller 43 so as to keep the output of 9.74 kHz (resonance
frequency).

When power supply from the power supply device 12 to the
induction line 14 is started during constant current control
performed by the actions of the frequency/current controller
43 and the main controller 42, the inverter 24 sweeps the
oscillation frequency from 9.00 kHz to 9.74 kHz.

The Action of the Power Supply Device 12

The action of the configuration of the power supply device
12 will be described below.

In an initial condition before power supply is started from
the power supply device 12 to the induction line 14, it is
assumed that the twenty transport carriages 17 are provided
on the traveling rail having the induction line 14. Further-
more, it is assumed that the power supply device 12 is con-
nected to the commercial power supply 11 of AC 200V, the
starting conductor 33 is opened, and the stopping conductor
35 is closed. The transport carriage 17 has rated power of
1800 W (power obtainable by the induction line 14 in a
full-load condition (100% loaded condition) in a resonant
condition of the resonant circuit 50 with the oscillation fre-
quency of the power supply device 12). Moreover, the power
supply device 12 has rated power (supplied power) of 30 kW.
The rated power of the power supply device 12 is larger than
power consumed by the load 58 of the traveling motor or the
like that is necessary for a normal operation of the transport
carriage 17. The rated power is set smaller than total power
drawn by all the transport carriages 17 in the full-load condi-
tion (36 kW=1800 Wx20) in the resonant condition with the
oscillation frequency of the power supply device 12. Thus, the
power supply device 12 does not require a large power capac-
ity and is operable with a proper power capacity.

First, when the commercial power supply 11 is connected
to the power supply device 12, the rectifying circuit 21 con-
verts the alternating current of the commercial power supply
11 into a direct current and then outputs the direct current to
the start/stop circuit 22. At this point, the starting conductor
33 is opened while the stopping conductor 35 is closed. Thus,
the inrush current upon startup is suppressed (regulated) by
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the inrush resistor 31 and then is consumed by the discharging
resistor 34. After a predetermined time, the starting conductor
43 is closed, the inrush resistor 31 is short-circuited, and then
the stopping conductor 35 is opened, allowing a stable direct
current to be outputted to the step-down circuit 23 after the
inrush current is eliminated. At this point, a direct voltage
rectified by the rectifying circuit 21 is DC 270 V.

Moreover, the target frequency of the oscillation frequency
of the inverter 24 is set at 9.00 kHz. The target frequency is
swept from 9.00 kHz to 9.74 kHz after a predetermined time
(2 seconds).

At the oscillation frequency of 9.00 kHz, a current obtain-
able by the resonant circuit 50 of the transport carriage 17 is
reduced. As shown in FIG. 3, rated power (1800 W) can be
drawn at 9.74 kHz, whereas at 9.00 kHz shifted from the
resonance frequency of 9.74 kHz, only 1200 W can be
obtained (power is less efficiently supplied). When viewed
from the power supply device 12, the total power supplied to
all the transport carriages 17 is reduced. Hence, even if all the
twenty transport carriages 17 are placed in the full-load con-
dition, the total power is only 24 kW (=1200 Wx20), which is
lower than the rated power (30 kW) of the power supply
device 12. This prevents an overloaded condition interrupting
an output current.

When the oscillation frequency of the inverter 24 reaches
9.74 kHz, the transport carriage 17 can be placed in the
full-loaded condition. After the predetermined time (2 sec-
onds), the output voltage of the transport carriage 17
increases to the reference voltage, causing the normal trans-
port carriage 17 to receive power equivalent to power con-
sumed by the load 58. Hence, all the transport carriages 17 do
not simultaneously obtain power in the full-load condition.
Since an increase to the reference voltage is delayed in some
of the transport carriages 17, only some of the transport
carriages 17 obtain power in the full-load condition. This
prevents the power supply device 12 from being overloaded,
allowing stable power supply from the power supply device
12 to the induction line 14.

At shutdown, the stopping conductor 35 is closed, the
starting conductor 33 is opened, and then the stopping con-
ductor 35 is closed, allowing the discharging resistor 34 to
consume charge accumulated in the power supply device 12.

If the oscillation frequency of the inverter 24 falls below
9.00 kHz, power obtainable by the transport carriage 17 fur-
ther decreases, increasing a time period before the output
voltage of the power receiving unit 27 increases to the refer-
ence voltage.

The Power Receiving Unit 27 of the Transport
Carriage

As shown in FIG. 4, the power receiving unit 27 includes
the resonant capacitor 52 and a rectifying circuit (full-wave
rectifying circuit) 53 connected to the resonant capacitor 52.

The power receiving unit 27 further includes, as a constant
voltage control circuit, a choke coil 54, a diode 55, the output
capacitor (voltage capacitor) 56, switching device (e.g., an
output adjusting transistor) 57, and a controller (control unit)
61.

One end of the choke coil 54 is connected to a positive-side
output terminal (one output terminal) 53a of the rectifying
circuit 53. The anode of the diode 55 is connected to another
end of the choke coil 54. One end of the output capacitor 56
is connected to the cathode of the diode 55 while another end
of the output capacitor 56 is connected to a negative-side
output terminal (another output terminal) 535 of the rectify-
ing circuit 53. One end of the switching device 57 is con-
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nected to the node of the other end of the choke coil 54 and the
anode of the diode 55 while another end of the switching
device 57 is connected to the negative-side output terminal
536 of the rectifying circuit 53. The controller 61 places the
switching device 57 in a closed condition (the switching
device is turned on) or an opened condition (the switching
device is turned off).

The load 58 is connected between circuit output terminals
59a and 595 connected across the output capacitor 56.

The power receiving units 27 of the transport carriages 17
and the primary-side power supply device 12 are indepen-
dently driven while receiving respective signals.

The controller 61 receives a full-wave input voltage (full-
wave input voltage signal) V, of the choke coil 54 as a control
signal. The full-wave input voltage is a voltage outputted to
the positive-side output terminal 53a of the full-wave recti-
fying circuit 53 immediately after rectification. The controller
61 further receives a circuit output voltage (a voltage across
the output capacitor 56, the voltage of the load 58) V,, as a
feedback signal. Moreover, the controller 61 outputs a driving
pulse P, to the switching device 57. The controller 61 includes
a gate pulse oscillator (an example of a pulse generating
circuit) 62, a PWM module (an example of a pulse-width
control circuit) 63, and a control power supply device 64.

Control Power Supply Device 64

The control power supply device 64 supplies control power
(predetermined voltage V) to the gate pulse oscillator 62 and
the PWM module 63 with the output voltage (a voltage across
the output capacitor 56, the voltage of the load 58) V,, serving
as an input source. The output voltage (a voltage across the
output capacitor 56, the voltage of the load 58) V, is 0 V upon
startup. When the output voltage V, increases to a predeter-
mined voltage (e.g., 15V), the control power can be supplied
at the predetermined voltage V.

Gate Pulse Oscillator 62

The gate pulse oscillator 62 is a pulse generating circuit
that outputs, when receiving the control power from the con-
trol power supply device 64, a synchronizing pulse (trigger) at
a frequency (2 f) twice a frequency f of the high-frequency
current of the induction line 14 in synchronization with the
full-wave input voltage V, of the choke coil 54, the full-wave
input voltage V,; being outputted to the positive-side output
terminal 53a of the full-wave rectifying circuit 53. The gate
pulse oscillator 62 forms a synchronizing pulse P, and out-
puts the pulse as a switching trigger to the PWM module 63
each time the input voltage V, of the choke coil 54 in FIG. 6
becomes 0. The input voltage V| is the output voltage of the
full-wave rectifying circuit 53 and thus has a continuous
waveform at the frequency 2 f, leading to the output of the
synchronizing pulse P, at the frequency 2 f.

PWM Module 63

The PWM module 63 receives the output voltage V2 and
the synchronizing pulse P1 outputted from the gate pulse
oscillator 62. The PWM module 63 is a pulse width control
circuit that outputs the driving pulse P2 to the switching
device 57 when receiving the control power from the control
power supply device 64, closes the switching device 57 when
the driving pulse P2 is on, and opens the switching device 57
when the driving pulse P2 is off. The PWM module 63 is
configured as illustrated in FIG. 5.
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As shown in FIG. 5, the PWM module 63 includes a first
comparator 71, a second comparator 72, a third comparator
73, a timer 74, an RS flip-flop 75, a pulse width calculating
unit 77, and a pulse driving unit 78.

The first comparator 71 confirms whether control power
has been supplied or not, that is, the voltage V5 of control
power is at least a predetermined voltage (e.g., 15 V). The
second comparator 72 confirms whether the output voltage
V, is at least a reference voltage (e.g., 310 V) or not. The third
comparator 73 confirms whether the output voltage V, is at
least a set voltage (e.g., 100 V) or not.

The timer 74 is a timer that starts counting in a preset time
(predetermined time, e.g., 5 seconds) in response to the out-
put signal of the first comparator 71, that is, a seizure signal
outputted when control power is supplied (started).

The RS flip-flop 75 is set when a signal (progression signal)
outputted in response to the counting of the timer 74 is turned
on or when the seizure signal is turned on and the output
signal of the second comparator 72 is turned on. The RS
flip-flop 75 is reset when the seizure signal is turned off.

The PWM module 63 includes a relay RY1 operated (ex-
cited) when the RS flip-flop 75 is set. The PWM module 63
further includes a relay RY2 operated (excited) when the
seizure signal is turned on, the output signal of the relay RY1
is turned off (a contact b is closed), and the output signal of the
second comparator 72 is turned off. Moreover, the PWM
module 63 includes a relay RY3 operated (excited) when the
output signal (contact a) of the relay RY1 is turned on and the
output signal of the third comparator 73 is turned off.

In the block configuration, the relay RY1 is operated when
the supply of a high-frequency current I to the induction line
14 is started (the seizure signal is on) and the output voltage
V, reaches at least the reference voltage (e.g., 310V, when the
output signal of the second comparator 72 is turned on).
Alternatively, the relay RY1 is operated upon the lapse of the
set time (the predetermined time, e.g., 5 seconds, when the
output signal of the timer 74 is turned on). In other words, the
relay RY1 is operated during a transition from the initial
condition to a normal condition. The relay RY2 is operated
when the supply of the high-frequency current I to the induc-
tion line 14 is started (the seizure signal is on) and the output
voltage V, is lower than the reference voltage (e.g., 310 V
when the output signal of the second comparator 72 is turned
ofY), that is, in the initial condition. During a transition to the
normal condition (when the relay RY1 is operated), the relay
RY?2 is not operated. The relay RY3 is operated if the output
voltageV, abnormally falls below the set voltage (e.g., 100V)
during an operation of the relay RY1 (in the normal condi-
tion).

The pulse width calculating unit 77 receives the output
voltage V, and the synchronizing pulse P,. The pulse width
calculating unit 77 performs output voltage feedback control
with reference to the reference voltage serving as a target
voltage.

Specifically, as shown in FIG. 6, the pulse width calculat-
ing unit 77 forms a PWM reference wave (triangular wave) in
synchronization with the synchronizing pulse P, at the fre-
quency 2 f from the gate pulse oscillator 62. In other words,
the pulse width calculating unit 77 forms a triangular wave
that peaks at the peak of the input voltage V, in synchroniza-
tion with the input voltage V, of the choke coil 54. The pulse
width calculating unit 77 presets the reference voltage (chain
line) of the output voltage V,, the reference voltage crossing
the triangular wave. The driving pulse P, is turned on when
the input voltage V, of the choke coil 54 decreases from the
peak. The pulse width of the driving pulse P, is a time period
when the triangular wave (voltage) is lower than the reference
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voltage. When the output voltage V, is equal to the reference
voltage, the “reference pulse width” of the driving pulse P, is
atime period during which the voltage of the triangular wave
is lower than the reference voltage. When the load 58 is a rated
load, the output voltage V, is kept at the reference voltage by
outputting the driving pulse P, having the reference pulse
width.

Moreover, the pulse width of the driving pulse P, is
obtained by causing the inputted output voltage V, to cross
the triangular wave. As shown in FIG. 6, when the output
voltage V, is lower than the reference voltage, the pulse width
of the driving pulse P, is shorter than the “reference pulse
width”. As shown in FIG. 7, when the output voltage V, is
higher than the reference voltage, the pulse width of the
driving pulse P, is made longer than the “reference pulse
width”. Furthermore, a duty ratio is determined and then is
outputted to the pulse driving unit 78.

The pulse driving unit 78 outputs a pulse to the switching
device 57. The pulse driving unit 78 receives the synchroniz-
ing pulse P,. When the output signal (contact a) of the relay
RY?2 is turned on (initial condition) or the output signal (con-
tact a) of the relay RY3 is turned on (when the output voltage
V, abnormally decreases), a preset duty ratio (hereinafter,
will be called a fixed duty ratio, e.g., 50% is inputted to the
pulse driving unit 78. When the output signal (contact a) of
the relay RY1 is turned on, a duty ratio outputted from the
pulse width calculating unit 77 is inputted to the pulse driving
unit 78. The pulse driving unit 78 forms the driving pulse P,
based on the inputted duty ratio, and outputs the intermediate
point of the driving pulse P, as the zero crossing position of
the full-wave input voltage V, to the switching device 57,
enabling pulse width control.

The fixed duty ratio is determined as follows: the rated
power of the power supply device 12 is first divided by the
number of transport carriages (an example of the apparatus or
the device) 17 to be provided with power, determining power
receivable by each of the transport carriages at the beginning
of power supply to the induction line 14.

Subsequently, when the driving pulse P2 has a pulse width
ot 0, in other words, when the driving pulse P2 is turned off,
the switching device 57 is continuously opened, and the out-
put capacitor 56 is continuously charged, the secondary side
is in a full-load condition (100% loaded condition) with
respect to the primary side (the power supply device 12).
When the pulse width is m (a driving pulse that can be out-
putted has a (maximum) pulse width of W), the outputted
driving pulse P2 places the switching device 17 in a closed
condition so as not to charge the output capacitor 56. Thus, the
secondary side is in a loaded condition of (1-m/W) with
respect to the primary side (as the pulse width m decreases,
the secondary side comes close to the full-load condition).

In the loaded condition of (1-m/W), the pulse width m is
set so as to suppress power to the determined “power receiv-
able by each of the transport carriages”.

The pulse width m of the driving pulse P, that can suppress
power within the receivable power is divided by the pulse
width W of the driving pulse that can be outputted, thereby
determining the fixed duty ratio (=m/W). In the present
embodiment, the fixed duty ratio is 50%.

At this point, the power supply device 12 for supplying a
high-frequency current to the induction line 14 starts in a
half-load condition (50% load condition) even if all the trans-
port carriages 17 are simultaneously loaded when power sup-
ply is started. Thus, the power supply device 12 is not over-
loaded, avoiding an interruption of power supply.

The set time of the timer 74 includes a margin for a time
period during which the output capacitor 17 is charged in a
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loaded condition with the fixed duty ratio so as to increase the
output voltage V, to the reference voltage (e.g., 310 V).

In the configuration of the PWM module 63, the driving
pulse P, is turned on when the input voltage V, of the choke
coil 54 decreases from the peak in synchronization with the
synchronizing pulse P, at the frequency 2 f. High-speed
switching is performed at the switching frequency 2 f while
the intermediate point of the pulse width of the driving pulse
P, is located as the zero crossing position of the full-wave
input voltage V.

When the output signal (contact a) of the relay RY2 is
turned on, that is, when the output voltage V, is lower than the
reference voltage upon startup, high-speed switching is per-
formed with the fixed duty ratio of 50%.

When the output signal (contact a) of the relay RY1 is
turned on, that is, the output voltage V2 is at least the refer-
ence voltage upon startup, or when the timer 74 counts up,
high-speed switching is performed with the duty ratio output-
ted from the pulse width calculating unit 77, that is, output
voltage feedback control is performed with the reference
voltage serving as a target voltage. At this point, the stopping
of the traveling motor reduces the load 58 and increases the
output voltage V2 over the preset reference voltage. Thus, the
pulse width m of the driving pulse P2 outputted to the switch-
ing device 57 is increased (the closed condition of the switch-
ing device 57 is extended) to reduce the output voltage V2.
When the output voltage V2 returns to the reference voltage,
the pulse width m of the driving pulse P2 outputted to the
switching device 57 is reduced (the opened condition of the
switching device 57 is extended), keeping the output voltage
V2 at the reference voltage.

In the case where the output signal (contact a) of the relay
RY1 is turned on (a transition to output voltage feedback
control) and then the output voltage V, falls below the set
voltage (the relay RY3 is turned on), high-speed switching is
performed with the fixed duty ratio of 50%.

The Action of the Power Receiving Unit 27

The action of the configuration of the power receiving unit
27 will be described below.

When the high-frequency current I is supplied to the induc-
tion line 14 on the primary side, magnetic fluxes generated on
the induction line 14 induce an induced electromotive force
on the pickup coil 51, and then a current generated on the
pickup coil 51 by the induced electromotive force is rectified
by the full-wave rectifying circuit 53.

Immediately After Startup

Before startup, the output capacitor 56 is empty while the
output voltage V, is 0 V. Immediately after the supply of the
high-frequency current I to the induction line 14 is started,
control power cannot be supplied from the control power
supply device 64. At this point, the PWM module 63 cannot
output the driving pulse P,. Thus, the switching device 57 is
opened and the output capacitor 56 is continuously charged
by the current outputted from the full-wave rectifying circuit
53.

Upon Startup

The output capacitor 56 is charged and the output voltage
V, increases so as to allow the supply of control power from
the control power supply device 64. In this state, the synchro-
nizing pulse P, is inputted from the gate pulse oscillator 62 to
the PWM module 63, the seizure signal is turned on by
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confirming the control power, and then the timer 74 is driven.
At this point, the output voltage V, is lower than the reference
voltage, limiting the fixed duty ratio to 50%. In other words,
high-speed switching is performed with a half'load.

In other words, the switching device 57 undergoes high-
speed switching at the switching frequency 2 f (e.g., =10
kHz, limited to 60 kHz or lower). When the switching device
57 is opened (the driving pulse P2 is turned off), the current
outputted from the full-wave rectifying circuit 53 charges the
output capacitor 56 with the excitation energy of the choke
coil 54 while being supplied to the load 58. When the switch-
ing device 57 is in a closed condition (the driving pulse P2 is
turned on), the current outputted from the full-wave rectify-
ing circuit 53 excites the choke coil 54 to charge energy;
meanwhile, a discharge current is supplied from the output
capacitor 56 to the load 58.

Upon startup, a current passing through the induction line
14 has a frequency of 9.00 kHz, which is shifted from the
resonance frequency of the resonant circuit 50. Thus, only
1200 W can be obtained in the full-load condition, indicating
that only 600 W can be obtained in the half load condition.

After a Reference Time From Startup/In Normal
Condition

When the timer 74 counts up, output voltage feedback
control is performed forcibly or in response to the output
voltage V, not lower than the reference voltage serving as a
target voltage. High-speed switching is performed with the
duty ratio outputted from the pulse width calculating unit 77.

Specifically, the switching device 57 undergoes high-speed
switching at the switching frequency 2 f, and the pulse width
of'the driving pulse P2 is determined by the output voltage V2
when the pulse is turned on. The pulse width is reduced when
the output voltage V2 is lower than the preset reference volt-
age, whereas the pulse width is increased when the output
voltage V2 is higher than the reference voltage. In other
words, the load 58 decreases while a voltage across the output
capacitor 56, that is, the output voltage V2 increases. If the
output voltage V2 exceeds the reference voltage, the switch-
ing device 57 is placed in a closed condition for an extended
period, reducing the output voltage V2 to the constant refer-
ence voltage. Furthermore, the load 58 increases, the voltage
across the output capacitor 56, that is, the output voltage V2
decreases, and the output voltage V2 falls below the reference
voltage. Thus, the switching device 57 is placed in an opened
condition for an extended period, increasing the output volt-
age V2 to the constant reference voltage.

The switching frequency is correctly set at 2 f, and the
driving pulse P, is turned on when the input voltage V, of the
choke coil 54 decreases from the peak. Thus, when the driving
pulse P, is turned on, that is, the choke coil 54 is excited, a
current supplied to the choke coil 54 by the resonant circuit 50
is shifted in phase by 90° and thus is substantially zero. After
that, the input voltage V, decreases in the zero-crossing range
of the input voltage V, suppressing an increase in current
(coil current) I, passing through the choke coil 54 into a
smooth current (reduced pulsation). The ripple of the coil
current I, is reduced so as to have a smaller difference
between the input voltage and the output voltage of the choke
coil 54, considerably suppressing the ripple of the coil current
1,.

High-speed switching at the switching frequency 2 f
quickly responds to fluctuations of the load 58, reducing the
influence of fluctuations of the load 58 on the induction line
14 through the resonant circuit 50, for example, the influence

10

15

20

25

30

40

45

50

55

60

65

14

of an overcurrent of the induction line 14 when feedback
impedance rapidly comes close to zero.

Moreover, high-speed switching at the switching fre-
quency 2 f quickly responds to the output voltage V, during a
transition from a nonresonant condition to a resonant condi-
tion, suppressing a rapid increase in resonant voltage.

The output voltage is increased by high-speed switching
and a step-up topology. Even if the resonance frequency of the
pickup coil 51 is deviated from the frequency f of the high-
frequency current I supplied to the induction line 14, the
supplied power can be kept. In other words, the frequency
response of power supply is improved from the related art so
as to obtain power over a wide range of frequency deviations,
allowing stable power supply even if the frequency of the
high-frequency current is deviated.

Abnormal Condition

During output voltage feedback control, if the output volt-
age V, falls below the set voltage, high-speed switching is
performed while the duty ratio is limited to the fixed duty ratio
of 50%, that is, in a half-load condition.

Specifically, if the output voltage V, continuously falls
below the reference voltage, the duty ratio is 0%, that is, the
switching device 57 is opened into a full-load condition so as
to fully charge the output capacitor 56 back to the reference
voltage. If the output voltage V, does not increase but
decreases to the set voltage, it is decided that a current has
been abnormally supplied to the induction line 14. Thus,
high-speed switching is performed in the half-load condition
s0 as not to apply a load to the induction line 14.

According to the explanation of the action of the power
supply device 12 and the action of the power receiving unit
27, the power supply device 12 and the power receiving units
27 of the transport carriages 17 are independently driven
while receiving respective signals. Upon startup, however,
the power supply device 12 regulates the frequency of a
high-frequency current passing through the induction line 14,
the frequency being obtained by each of the transport car-
riages 17 as a frequency shifted from the resonance fre-
quency; meanwhile, the transport carriages 17 are placed in a
half-load condition, regulating the frequency obtained by
each of the transport carriages 17. This prevents the power
supply device 12 from being overloaded and prevents a high-
frequency current passing through the induction line 14 from
being interrupted so as to block power supply.

In the event of an instantaneous power failure, an inter-
rupted high-frequency current does not rapidly reduce the
output voltage of the transport carriage 17 to the set voltage.
Moreover, upon recovery of the high-frequency current, the
transport carriages 17 are placed in the half-load condition
and the frequency obtained by each of the transport carriages
17 is not limited. Thus, power is obtained by the transport
carriages 17 in the full-load condition. This can prevent, upon
“an instantaneous power failure”, the power supply device 12
from becoming overloaded only by shifting, from the reso-
nance frequency, the frequency of the high-frequency current
passing through the induction line 14, thereby avoiding an
interruption of the high-frequency current passing through
the induction line 14 so as to keep power supply.

As has been discussed, according to the present embodi-
ment, when power supply to the primary-side induction line
14 is started, the driving pulse P, is outputted with the fixed
duty ratio of 50%, charging the output capacitor 56 in the
half-load condition with respect to the primary side. Thus, all
the transport carriages 17 do not simultaneously receive
maximum power, that is, power in the full-load condition
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when power supply is started, and the power supply device 12
for supplying a high-frequency current to the primary-side
induction line 14 does not become overloaded, avoiding a
power shutdown. Thus, power can be continuously supplied
to the large number of transport carriages 17. After the output
capacitor 56 is charged to set the output voltage V, at the
reference voltage, power may be supplied from the primary-
side induction line 14 according to consumed power under
output voltage feedback control. Even the transport carriages
17 under output voltage feedback control do not overload the
power supply device 12, avoiding a power shutdown.

According to the present embodiment, the output capacitor
56 is charged in the half-load condition with respect to the
primary side. After a predetermined time (when the output
signal of the timer 74 is turned on), output voltage feedback
control is performed. If the charging of the output capacitor
56 is too late to increase the transport carriage 17 to the
reference voltage within the predetermined time, the pulse
width m is minimized in the full-load condition, more quickly
increasing the output voltage V,. Another one of the transport
carriages 17 increases to the reference voltage within the
predetermined time and receives only power equivalent to
consumed power. Thus, even if one of the transport carriages
17 is placed in the full-load condition, the power supply
device 12 is unlikely to be overloaded so as to stop power
supply.

According to the present embodiment, if the output voltage
of the output capacitor 56 falls to or below the set voltage, it
is decided that power cannot be supplied from the power
supply device 12. The driving pulse P, is outputted with the
fixed duty ratio in the half-load condition with respect to the
primary side such that the width m of the driving pulse is a
half of the pulse width W of the driving pulse that can be
outputted. This can improve the loaded condition of the
power supply device 12.

In the present embodiment, the oscillation frequency of the
inverter 24 is controlled so as to gradually change from 9.00
kHz, which is the predetermined frequency lower than the
resonance frequency of 9.74 kHz, to the resonance frequency
0of 9.74 kHz. As shown in FIG. 3, also in the case where the
oscillation frequency of the inverter 24 is controlled so as to
gradually change to a frequency higher than the resonance
frequency of 9.74 kHz, power supplied to the transport car-
riages 17 can be reduced. The oscillation frequency of the
inverter 24 may be controlled so as to gradually change from
a frequency (e.g., 10.5 kHz) higher than the resonance fre-
quency (9.74 kHz) to the resonance frequency (9.74 kHz).

According to the present embodiment, the oscillation fre-
quency of the inverter 24 is gradually changed to the reso-
nance frequency every 0.1 kHz. The interval is not limited to
0.1 kHz and thus may be set larger or smaller than 0.1 kHz to
continuously change the frequency.

According to the present embodiment, the PWM module
63 of the controller 61 forms the PWM reference wave (tri-
angular wave) in synchronization with the synchronizing
pulse P, at the frequency 2 ffrom the gate pulse oscillator 62.
Three PWM reference waves (triangular waves) may be
formed by two waveforms of the input voltage V, in synchro-
nization with every other period ofthe synchronizing pulse P,
s0 as to turn on the driving pulse P, on the rising edge of each
triangular wave. At this point, the switching frequency of the
driving pulse P, is three times as high as the high-frequency
current frequency f (3 1), enabling faster switching. Thus, the
high-speed switching more quickly responds to fluctuations
of the load 58, reducing the influence of fluctuations of the
load 58 on the induction line 14 through the resonant circuit
50, for example, the influence of an overcurrent of the induc-
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tion line 14 when a feedback impedance rapidly comes close
to zero. Moreover, the high-speed switching quickly responds
to the output voltage V, during a transition from a nonreso-
nant condition to a resonant condition, suppressing a rapid
increase in resonant voltage.

The present embodiment described the transport carriage
17 as an example of the apparatus or the device. The apparatus
or the device includes a motor vehicle having no transport
function, and a stationary apparatus or device.

Having described the invention, the following is claimed:

1. A secondary-side power receiving circuit for contactless
power feed equipment, the secondary-side power receiving
circuit being provided in each of devices or apparatuses so as
to receive power in a contactless manner from a primary-side
induction line that receives a high-frequency current from a
power supply device,

the secondary-side power receiving circuit comprising:

a pickup coil opposed to the primary-side induction line,
the pickup coil receiving an induced electromotive force
from the primary-side induction line;

a resonant capacitor connected in parallel with the pickup
coil, the resonant capacitor forming a resonant circuit
that resonates at a frequency of the high-frequency cur-
rent with the pickup coil;

a full-wave rectifying circuit connected in parallel with the
resonant capacitor of the resonant circuit;

a switch and an output capacitor connected in parallel
between output terminals of the full-wave rectifying
circuit, the output capacitor feeding power to a load
having varying power consumption; and

a controller that switches a closed condition and an opened
condition of the switch,

the controller comprising:

a pulse generating circuit that outputs a synchronizing
pulse having a frequency multiple times higher than the
frequency of the high-frequency current in synchroniza-
tion with a full-wave voltage signal outputted from one
of the output terminals of the full-wave rectifying cir-
cuit; and

a pulse width control circuit that outputs a driving pulse to
the switch and performs output voltage feedback control
such that an output voltage of the output capacitor is set
at a preset reference voltage by closing the switch at
turn-on of the driving pulse or opening the switch at
turn-off of the driving pulse,

wherein the pulse width control circuit determines power
receivable by each of the devices or apparatuses at start
of power supply to the primary-side induction line by
dividing output rated power of the power supply device
by a number of devices or apparatuses, the pulse width
control circuit determines a pulse width of the driving
pulse capable of suppressing power within the receiv-
able power by a pulse width of a driving pulse that can be
outputted, the pulse width control circuit performs
switching control at the start of power supply to the
primary-side induction line such that the driving pulse
capable of suppressing the power is outputted to the
switch in synchronization with the synchronizing pulse
inputted from the pulse generating circuit, and then the
pulse width control circuit performs the output voltage
feedback control when the output voltage of the output
capacitor reaches the preset reference voltage.

2. The secondary-side power receiving circuit for the con-
tactless power feed equipment according to claim 1, wherein
the pulse width control circuit performs the switching control
and then forcibly performs the output voltage feedback con-



US 9,349,533 B2

17

trol after a predetermined time during which the output volt-
age of the output capacitor rises to the reference voltage.

3. The secondary-side power receiving circuit for the con-
tactless power feed equipment according to claim 1, wherein
during the output voltage feedback control, the pulse width
control circuit performs the switching control again when the
output voltage of the output capacitor falls to or below a set
voltage lower than the reference voltage.

4. The secondary-side power receiving circuit for the con-
tactless power feed equipment according to claim 2, wherein
during the output voltage feedback control, the pulse width
control circuit performs the switching control again when the
output voltage of the output capacitor falls to or below a set
voltage lower than the reference voltage.
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